The spliceosome is a macromolecular machine that carries out the excision of introns from eukaryotic pre-mRNAs and splicing together of exons. Four large RNA-protein complexes, called the U1, U2, U4\U6 and U5 small nuclear ribonucleoprotein particles (snRNPs), and some nonsnRNP proteins assemble around three short conserved sequences within the intron in an ordered manner to form the active spliceosome. We aim to provide insight into the molecular details of the mechanism of pre-mRNA splicing through crystallographic studies of the snRNPs. We have solved the X-ray crystal structure of some snRNP proteins as part of either proteinprotein complexes or RNA-protein complexes. These structures have provided an important insight into the overall architecture of the U1 and U2 snRNPs and the mechanisms of RNA-protein and protein-protein recognition.
Introduction
Most protein-coding eukaryotic genes contain non-coding intervening sequences, or introns, which have to be removed from the mRNA precursor (pre-mRNA) in the nucleus before it is transported to the cytoplasm for translation. Both nuclear pre-mRNA splicing and group II intron self-splicing proceed through two successive trans-esterification reactions [1, 2] (Figure 1 ). The nucleotide sequence of group II self-splicing introns is highly conserved, and hence these introns fold into an evolutionarily conserved three-dimensional structure, which can undergo a
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self-splicing reaction in the absence of any transacting factors [2] [3] [4] . In contrast, the length and nucleotide sequence of nuclear pre-mRNA introns is highly variable, except for the short conserved sequences at the 5h and 3h splice sites and the branch points (followed by the polypyrimidine tract in metazoan introns). Therefore nuclear premRNA splicing requires trans-acting factors that interact with these short conserved sequences [5] [6] [7] . Indeed, the catalytically active spliceosome is formed through assembly of these trans-acting factors.
The major components of the spliceosome are four RNA-protein assemblies called the small nuclear ribonucleoprotein particles (snRNPs) or ' snurps ' for short [6, [8] [9] [10] . They are named after The right-hand panel shows that the conserved sequence at the 5h splice site base-pairs with the 5h end of U1 snRNA. The conserved branch point sequence base-pairs with part of U2 snRNA such that a branch point adenosine is ' bulging out ' ; (c) The U4/U6-U5 tri-snRNP joins the pre-spliceosome. The U4 snRNA dissociates from the U6 snRNA, which subsequently base-pairs with U2 snRNA. The 5h splice site dissociates from U1 snRNA, and interacts with U6 snRNA. The right-hand panel shows the interaction of RNAs prior to the first transesterification reaction. (d) The 5h exon is cleaved off, and the 5h phosphate group of the intron forms a new phosphodiester bond with the branch point adenosine. The conserved loop of U5 snRNA aligns exon 1 and exon 2 for the second trans-esterification reaction. (e) As a result of the second trans-esterification reaction, the two exons are ligated together, and the lariat intron is liberated.
their U (uridine-rich) snRNA components : U1, U2 and U5 snRNPs contain U1, U2 and U5 snRNAs respectively, whereas the U4\U6 snRNP contains U4 and U6 snRNAs that are extensively base-paired [11, 12] . The U1 and U2 snRNPs bind to the 5h splice site and the branch point of pre-mRNA respectively, and a pre-assembled U4\U6:U5 tri-snRNP then joins these snRNPs to form the spliceosome [5] [6] [7] [8] 12] . The 5h end of U1 snRNA is complementary to the conserved sequence at the 5h splice site, and hence the recognition of the 5h splice site is achieved partly through RNA basepairing. The conserved sequence at the branch point also pairs with a complementary sequence within U2 snRNA. Both UV cross-linking experiments and mutational studies have provided considerable insight into the intricate network of interactions between pre-mRNA and snRNAs, and between the different snRNAs [13] [14] [15] . Upon spliceosomal assembly the extensive base-pairing between the U4 and U6 snRNAs is unwound, and U6 snRNA subsequently base-pairs with U2 snRNA and the 5h-splice site, thereby displacing U1 snRNA. The first trans-esterification reaction results in the cleavage of exon 1, and the formation of a lariat intron intermediate. A highly conserved loop in U5 snRNA aligns the 5h and 3h splice site for the second trans-esterification reaction [13, 14, 16] . Thus nuclear pre-mRNA splicing is a highly dynamic process involving transient RNA-RNA, protein-protein and RNA-protein interactions [13] [14] [15] [16] [17] [18] [19] [20] . Spliceosome assembly is controlled by phosphorylation and dephosphorylation [21, 22] . The structure of the assembled snRNAs and pre-mRNA within the active spliceosome bears some resemblance to that of group II self-splicing introns. This is consistent with the interesting idea that nuclear pre-mRNA splicing may be derived from group II intron selfsplicing [1, 2] .
Human spliceosomal snRNPs can be purified from HeLa cell nuclear extract by affinity chromatography using an antibody directed against trimethylguanosine (m3G) cap, present at the 5h end of U1, U2, U4 and U5 snRNAs [9, 10] . A number of protein components of the human spliceosomal snRNPs have been biochemically characterized and their cDNA clones have been obtained using this method. Yeast spliceosomal proteins have been identified through characterization of premRNA processing (PRP) mutants and searching the sequence database of the yeast genome for homologues of human proteins [23, 24] . As shown in Table 1 , the protein components of the spliceosomal snRNPs are highly conserved between human and yeast [6, 9, 10] .
Spliceosomal proteins are divided into snRNP proteins that are tightly associated with snRNAs, and non-snRNP splicing factors (for reviews, see [6, 9, 10, 25] ). Protein components of the snRNPs are further classified into one of two groups : specific proteins that are found only in a given snRNP and the Sm proteins that associate with U1, U2, U4 and U5 snRNAs [6, 10, 25, 26] . The Sm proteins assemble around a U-rich RNA sequence called the Sm site within U1, U2, U4 and U5 snRNAs and form a stable globular core domain in these snRNPs [27] [28] [29] . Some of the snRNP proteins contain previously identified sequence motifs, such as zinc fingers, helicase, protein kinase, GTPase and peptidyl\propyl cis-trans isomerases ' motifs [6, 10] . Helicases containing the DEAD or DEAH box (for example, PRP28 and BRR2) may be involved in the rearrangement of the RNA-RNA network during the spliceosomal assembly [6, 8, 10, 11] . GTPase and peptidyl\prolyl cis-trans isomerase may play an important role in the conformational changes within the spliceosome [8, 10] . However, the most common sequence motif found in the spliceosomal proteins is the RNP motif, also known as the RNA recognition motif (' RRM ') or the RNA-binding domain (' RBD ') [30] [31] [32] . It is found in U1 70K, U1A, U2Bd, U2AF (auxiliary factor) and one of the SF3b proteins (SAP49 or HSH49). For a more comprehensive listing of snRNP and non-snRNP proteins and sequence motifs, see Burge et al. [6] .
As a first step towards understanding the molecular mechanism of pre-mRNA splicing, we aim to obtain structural information about each snRNP. We have determined the structure of seven protein components and fragments of U1 and U2 snRNAs [32, [34] [35] [36] . These structures have revealed not only the structure of individual components, but also how they interact with each other. From these structures, the architecture of U1 and U2 snRNP has begun to emerge. We are now attempting to reconstitute even larger assemblies of RNA and proteins. In this paper, we will attempt to summarize our current understanding of the structure of the splicing machinery.
The core snRNP domain
Analysis of the protein components of the snRNPs by gel electrophoresis revealed eight protein bands common to the U1, U2, U5 and U4\U6 snRNPs. Table 1 Protein components of the spliceosomal snRNPs This table is based on Lu$ hrmann et al. [9] , Will and Lu$ hrmann [10, 57] , and Burge et al. [6] . Also see the following website : www.proteome.com. :denotes a protein component present in a particular snRNP. Table 1) . The B and Bh proteins arise from a single gene by alternative splicing, and differ only at their Ctermini by 11 residues [37, 38] . These Sm proteins contain a conserved sequence motif in two segments, Sm1 and Sm2, connected by a linker of variable length [39] [40] [41] .
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Sm proteins play an important role in the biogenesis of the spliceosomal snRNPs [42, 43] . Four of the five snRNAs (U1, U2, U4 and U5) are transcribed by RNA polymerase II and initially contain an N7-monomethyl guanosine (m ( G) cap [42] . These snRNAs are transported to the cytoplasm and associate with Sm proteins. In the absence of snRNA, Sm proteins exist as three
and EFG [44] . The EFG complex binds together with a D " D # subcomplex to the U snRNA to form a stable subcore domain, which is then joined by D $ B (or D $ Bh) to form a mature core domain [44] .
Figure 2
Crystal structure and assembly of the Sm proteins Core assembly triggers hypermethylation of the 5h m ( G cap to a m3G cap structure [42, 43] . The core domain and the m3G cap act as a bipartite nuclearimport signal [45, 46] and the partially assembled snRNPs are transported into the nucleus in an importin-β-dependent manner. The m3G cap plays a less critical role in the nuclear import of the U4 and U5 snRNPs [45, 46] . In addition to this important function, the core domain functions as a platform for further assembly of specific protein components.
We have determined the crystal structure of two Sm protein subcomplexes, D " D # and D $ B [36] . These four Sm proteins show an identical fold containing a short, N-terminal α-helix, followed by a highly bent five-stranded antiparallel β-sheet (Figure 2a [36] . A model of a higher-order structure was built by adding monomers one by one using the same subunit interaction (Figure 2c ). This led us to conclude that seven core proteins could form a complete heptameric ring [36] .
Pairwise interactions between Sm proteins have been studied by a yeast two hybrid screen and co-immunoprecipitation with antibodies [47, 48] . For example, the interactions between D # and F and between G and D $ have been detected. It is possible to arrange all the Sm proteins within a seven-membered ring in a manner entirely consistent with these data, and this strengthens our model of the snRNP core domain. The inner surface lining the hole bears a high concentration of positive charges [36] . This central hole of the ring [20 A / (2 nm) in diameter] is large enough to accommodate a single-stranded RNA of the Sm site. Furthermore, the overall dimension of our model is in good agreement with that of the natural core domain, as visualized by electron microscopy [27] [28] [29] . Recently To$ ro$ et al. [65] determined the crystal structure of Sm-like proteins from some Archaeabacteria. Pyrococcus abyssii and one of the two Archaeoglobus fulgidus Sm-like proteins form a heptameric ring identical with our heptamer ring model, whereas the other Archaeoglobus fulgidus Sm-like proteins form a hexameric ring. In these complexes, Sm proteins interact with each other in the same manner as in the D $ B and D " D # dimer complexes. Sm proteins have some degree of flexibility to form either heptameric or hexameric assemblies, as often seen in the viral shell of icosahedral viruses [49] .
In contrast with the other snRNAs, U6 snRNA, transcribed by RNA polymerase III, has no Sm site and hence canonical Sm proteins do not associate with U6 snRNA. However, seven Smlike proteins (Lsm proteins) have been shown to associate with U6 snRNA both in human and yeast snRNPs [41, 50, 51] . Unlike the canonical Sm proteins, they form a doughnut-shaped assembly in the absence of U6 snRNA [51] . Figure 3a shows a schematic representation of the human U1 snRNP. The U1 snRNA contains 163 nucleotides with a m3G cap at the 5h end [7] . A covariation analysis of U1 snRNA sequences from diverse species supports the secondary structure of U1 snRNA as having four stem-loops. The ACUUACCU sequence present at the 5h end plays a critical role in the binding of the U1 snRNP to the conserved sequence (AGGURAGU) at the 5h splice junction of pre-mRNA, where ' R ' represents purine. The Sm site (AUUUGUGG) present in a single-stranded region is the binding site for the Sm proteins. The human U1 snRNP contains three specific proteins, named U1 70K, U1A and U1C. U1 70K and U1A bind to stemloops 1 and 2 within the U1 snRNA respectively [52] [53] [54] .
U1 snRNP
The U1A protein contains two RNP domains (also known as the RRM-or RNA-recognition motif), which are connected by a proteasesensitive linker. The RNP domain containing approx. 80 amino acid residues is found in many RNA-binding proteins involved in RNA processing and transport [30, 31] . This domain is characterized by two short conserved sequences called RNP1 (RNP octamer) and RNP2 (RNP hexamer) [30, 31] . A fragment of U1A containing the N-terminal RNP domain is both necessary and sufficient for its binding to U1 snRNA [52, 53] . The crystal structure of the N-terminal fragment showed that the RNP domain consists of a fourstranded antiparallel β-sheet flanked on one side by two α-helices [32] . Conserved aromatic amino acid residues of RNP1 and RNP2 motifs project on the surface of the β-sheet. We subsequently solved the crystal structure of the N-terminal fragment of the U1A protein in complex with its RNA target (U1 snRNA hairpin II), which has provided important insights into RNA recognition by the RNP domain [34] (Figure 4a ). The loop II of the U1 snRNA binds on the surface of the β-sheet as an open structure. The first seven nucleotides of the loop, AUUGCAC, and the loop-closing CG base pair form an intricate hydrogen-bond network with side chains and the main chain of U1A. These nucleotides show stacking interactions with either an adjacent RNA base or a protein side chain, or both, which stabilize the hydrogen-bonding network with the protein by restricting the orientation of the RNA bases [34] .
The U1 70K protein contains a single copy of the RNP motif between residues 100-180. Its molecular mass is approx. 52 kDa, but because of a highly charged C-terminal tail with alternating Arg-(Glu\Asp) and Arg-Ser repeats, it migrates
Figure 3
Diagrammatic representation of the structure of human U1 and U2 snRNPs (a) Human U1 snRNA folds into a secondary structure with four stem-loops, I, II, II and IV. The Sm proteins assemble around the Sm site and form a globular core domain. The U1 70K protein binds to stem-loop I through its RNP domain, and the U1A protein binds to stemloop II through its N-terminal RNP domain. The U1C protein is incorporated into the U1 snRNP mainly through protein-protein interactions. The conserved sequence at the 5h end of U1 snRNA (5hSS) pairs with the conserved sequence at the 5h splice site within premRNA. (b) Human U2 snRNA forms five stem-loops : I, IIa, IIb, III and IV. The Sm proteins assemble around the Sm site, and a complex of U2Bd and U2Ah binds to stem-loop IV. SF3b binds towards the 5h end of U2 snRNA and SF3a joins to form 17 S U2 snRNP. The GUAGUA sequence (bp) within U2 snRNA pairs with the conserved sequence around a branch point adenosine within the intron. U6-I and U6-II pair with sequences within U6 snRNA after the base-pairing between U4 and U6 snRNA is resolved during spliceosomal assembly. # Oxford University Press 1994.
as a 70 kDa protein on SDS\polyacrylamide gels [54] . A fragment of the U1 70K protein containing the RNP domain alone is capable of binding stemloop I of U1 snRNA ( [54] ; Y. Muto, D. A. Pomeranz Krummel, T. Ignjatovic and K. Nagai, unpublished results). However, even in the absence of the RNP domain the N-terminal fragment preceding the RNP domain can be incorporated into the core U1 snRNP consisting of the U1 snRNA and the core proteins [55] . The Nterminal fragment of the U1 70K protein has been shown to cross-link to the B and D # proteins [55] . The U1C protein binds to U1 snRNP only in the presence of both the Sm core domain and U1 70K protein, and does not bind the U1 snRNA on its own [56] . The U1C protein probably binds to both the U1 70K protein and the core domain as it has been shown to cross-link with the Sm B protein [55] . The U1C protein was proposed to form a non-canonical Cys # \His # -type zinc-finger domain near its N-terminus, and we have now shown that it indeed contains one Zn atom (Y. Muto, D. A. Pomeranz Krummel and K. Nagai, unpublished results). The zinc finger domain may be directly involved in the interaction with the 5h splice site sequence, as it is essential for the binding
Figure 4
Crystal structure of the U1A protein and the U2Bd-U2Ah protein complex bound to their cognate RNA hairpin-binding sites of U1 snRNP to the 5h splice site. The U1C protein apparently stabilizes the conformation of the 5h end of U1 snRNA, such that it can pair with the 5h splice site. Under the electron microscope, the U1 snRNP appears to have two protuberances attached to the central globular core snRNP domain. Antibodies specific to U1A and U1 70K proteins were used to identify each of the proteins in a single protuberance. The protuberance corresponding to the U1 70K protein was found to be closer to the antibody bound to the m3G cap of U1 snRNA than to that corresponding to the U1A protein [28] . Figure 3b shows a schematic representation of the human U2 snRNP. The U2 snRNA consists of 187 nucleotides that form five stem-loop structures : stem-loop I, IIa, IIb, III and IV. The Sm site and the regions that base-pair with the branch point (' bp ' in Figure 3b ) and U6 snRNA (U6-I and U6-II) are highlighted. The U2 snRNP, purified under high-salt conditions, sediments at 12 S and contains two U2-specific proteins, U2Bd and U2Ah, in addition to the core proteins [23, 25] . The 17 S U2 snRNP purified under low-salt conditions contains ten additional proteins (Table 1) . Subsets of these proteins have also been isolated as two protein complexes known as splicing factors SF3a and SF3b [23, 25] . SF3b binds to 12 S U2 snRNP through its interaction with the 5h end of U2 snRNA, and SF3a then can bind. The 5h half of U2 snRNA is extensively modified (2h-O-methyl groups and pseudouridines). These modifications within the 27 nucleotides at the 5h end of U2 snRNA are essential for the binding of SF3b and SF3a to the 12 S snRNP [58] . Only the 17 S U2 snRNP can be assembled into the spliceosome. The 12 S U2 snRNP contains a single domain, but an additional domain is observed by electron microscopy upon addition of SF3b. One of these domains becomes larger upon further binding of SF3a [23] .
U2 snRNP
We have determined the crystal structure of the U2Bd-U2Ah protein dimer bound to a fragment of U2 snRNA at 2.4 A / resolution [35] ( Figure 4b) . The U2Bd protein, closely related to the U1A protein, also contains two RNP domains [35] . The U1A protein binds to stem-loop II of U1 snRNA on its own, whereas the U2Bd protein binds to stem-loop IV of U2 snRNA only in complex with the U2Ah protein containing five leucine-rich repeats (LRRs) [53, 59] . A complex between an N-terminal fragment of the U2Bd protein (residues 1-96) and U2Ah (LRR) protein shows high affinity and specificity for stem-loop IV of U2 snRNA. The LRR motifs of the U2Ah protein form a solenoid similar to, but more irregular than, that found in porcine ribonuclease inhibitor [60] . Helix A of the U2Bd protein fits into the concave surface of the parallel β-sheet of the LRRs, and the N-and C-terminal arms flanking LRRs embrace the RNP domain of the U2Bd protein. There are only 25 amino acid replacements between U1A and U2Bd in this region. U2Bd protein, but not U1A, forms a complex with U2Ah. Scherly et al. [53] showed that two amino acid replacements, Asp-24 Glu and Lys-28 Arg in the U1A protein, allows it to form a stable complex with the U2Ah (LRR) protein [35, 59] . The guanidinium group of Arg-28 of the U2Bd protein protrudes into the protein interface to form hydrogen-bonds with Thr-69 and Glu-92 of the U2Ah protein [35] .
The binding site for U1A contains a ten nucleotide loop with the AUUGCACUCC (bold l common in the two binding sites) sequence closed by a CG base-pair, whereas the binding site for U2Bd-U2Ah contains an 11 nucleotide loop with the AUUGCAGUACC sequence closed by a UU base-pair [53] . How do U1A and U2Bd discriminate between closely related cognate-and non-cognate-binding sites ? In the U1A-hairpin complex, the first seven loop nucleotides, AUUGCAC, and the loop-closing CG base-pair form an intricate network of hydrogen-bonds with the U1A protein, but the last three loop nucleotide bases do not [34] . In the U2Bd-U2Ah (LRR) complex, all loop nucleotides are involved in extensive interactions with the U2Bd protein [35] . The double-stranded stem of the U2 snRNA hairpin IV interacts with the U2Ah (LRR) protein and hence extends in a different direction with respect to the RNP domain than that of U1 snRNA hairpin II. A small number of amino acid replacements between U1A and U2Bd, and the presence of the U2Ah (LRR) protein, allow formation of a distinct network of interactions only with the respective cognate RNAs. These interactions cannot be formed by the non-cognate complexes, resulting in a highly specific complex.
Discussion
The spliceosome is a large RNA-protein assembly comparable with the ribosome in terms of its complexity. The ribosome consists of two stable subunits, the 50 S and 30 S subunits, which can be isolated from bacteria in relatively large quantities suitable for crystallization. In contrast, it is difficult to obtain the U1 snRNP, for example, in quantities sufficient for crystallization from HeLa cell nuclear extract, i.e. the optimal source of the spliceosomal snRNPs [9, 57] . The spliceosome also contains non-snRNP proteins, which associate with the spliceosome transiently during its assembly [5, 6, 25] . It is therefore difficult to isolate biochemically pure, stable and catalytically active spliceosomes for crystallization. Structural studies on the spliceosome will have to entail structural study of smaller and more manageable problems. Thus we have overproduced some of the components of the spliceosomal snRNPs in Escherichia coli for crystallization and subsequent structural determination [61] . The crystal structures of individual components will provide insights into the structure of the snRNP building blocks and their evolutionary origins. The structure of protein-protein or RNA-protein complexes will provide information regarding the molecular recognition between protein components and between RNA and protein components. We have crystallized and determined the structure of seven proteins and two fragments of snRNAs as pro-tein-protein or protein-RNA complexes. These structures, together with electron microscopy of the snRNPs, have begun to reveal the overall architecture of the U1 and U2 snRNPs. As a future step we will attempt to crystallize the assembled U1 and 12 S U2 snRNPs from completely recombinant proteins and in vitro-transcribed RNA.
For further understanding of the molecular mechanism of pre-mRNA splicing, structural studies have to go hand-in-hand with further biochemical characterization of the spliceosomal proteins and their interactions. Neubauer et al. [62] purified spliceosomes fully assembled around a biotinylated, [$#P]P i -labelled pre-mRNA substrate, and characterized some of its protein components by MS. This new method, together with the proteomic data from the complete yeast genome, will greatly facilitate further isolation and characterization of proteins involved in splicing [63] . Fromont-Racine et al. [64] characterized a network of protein-protein interactions within the yeast spliceosomal snRNPs by exhaustive twohybrid screening. This will complement the biochemical investigation of protein-protein interactions within the splicing machinery [10, 57] . A detailed structural knowledge of components of the splicing machinery, as well as of their interactions with other components, is essential to the understanding of the architecture of the snRNPs and their assembly. Crystallization and X-ray analysis of the snRNPs or their large domains may then be possible. Understanding the splicing process requires the structural knowledge of many intermediate states. Such intermediate states may be isolated using mutant substrate pre-mRNAs or mutant protein factors that allow accumulation of intermediate species. Single-particle cryoelectron microscopy of these intermediates, together with the crystal structures of their constituents, will provide valuable information on the mechanism of nuclear pre-mRNA splicing [61] .
